Background: According to the World Health Organization, nearly 15% of all hospitalized 3 patients worldwide acquire nosocomial infections. A particular area of concern for bacterial 4 build up in hospitals is sink drains. The moist, microbiologically active environment of drains 5 promotes the formation of biofilms that are difficult to target with standard chemical 6 disinfectants. Bacteriophages, however, show potential to be used as disinfecting agents in 7 hospital drains. Not only do bacteriophages increase in titer as they infect, spreading to hard-to-8 reach surfaces, phages have been shown to degrade the extracellular matrix of biofilms and gain 9 access to underlying bacteria. This research explores the potential of bacteriophages to eradicate 10 biofilms in an environment modeling a sink drain by comparing the efficacy, range, and 11 durability of bacteriophage to a chemical disinfectant. Methods: E. coli biofilms were grown in 12 M9 minimal media placed in sink P-traps assigned one of three treatments: chemical disinfectant, 13 bacteriophage, or deionized water (control). Biofilms were quantified at five time points --1, 12, 14 24, 36, and 48 hours --using the crystal violet assay. Results: Both chemical disinfectant and 15 bacteriophage significantly decreased the optical densities of biofilms (p < 0.001***). P-traps 16 treated with bacteriophages showed more uniform destruction of biofilm across P-trap compared 17 to chemical disinfectant (p < 0.01**). A trend may suggest that over time bacteriophage became 18 more effective at reducing biofilm than chemical disinfectant. Conclusion: This work highlights 19 the potential of bacteriophage as an alternative to conventional chemical disinfectants for biofilm 20 control in settings such as hospital drains.
Importance 28 29
Nosocomial infections prolong hospital stay, costing the U.S. healthcare system $5-10 billion 30
annually. An increasing number of reports demonstrate that sink drains --reservoirs for 31 multidrug resistant bacteria --may be a source of hospital-related outbreaks. Recent studies have 32 elucidated the mechanism of dispersal of bacteria from contaminated sinks to patients, but 33 limited data are available identifying disinfecting methods for hospital drains. Not only did this 34 study demonstrate that bacteriophages could reduce biofilms on sink drains just as effectively as 35 a commercial disinfectant, it showed that phages tended to spread more thoroughly across P-36 traps and may work for longer. With hand-washing an imperative activity for disease prevention, 37 hospital sinks should remain clean. This work explores an alternative disinfecting method for 38 hospital sink drains. 39 40 41 Introduction 52
In hospital settings, E. coli biofilms cause numerous medical-device-associated infections 53 and recurrent urinary tract infections (Sharma et al., 2016) . Biofilms have been shown to make 54 E. coli less susceptible to antibiotics and biocides (Mittel et al., 2015) . Several reports have 55 found hospital sink drain pipes to be highly colonized with multidrug resistant bacteria (Kotay et 56 al., 2017) (Lowe et al., 2012) . One study found that cultures from handwashing sinks in the 57 intensive care unit yielded Klebsiella oxytoca, an opportunistic pathogen that targets 58 immunocompromised hospital patients (Lowe et al., 2012) . Although intended only for hand 59 hygiene, hospital sinks are also used for disposal of fluids, including body fluids, feeding 60 supplements, and left-over beverages, which may act as nutrients to promote bacterial 61 colonization and biofilm formation (Lowe et al., 2012) . Moreover, the moist, closed environment 62 of the drain promotes microbial growth (Kotay et al., 2017) . In response to an outbreak at the 63 National Institutes of Health Clinical Center, a study used green fluorescent protein expressing 64 E. coli to reveal the mechanism in which bacteria from a sink drain reached hospital patients. 65
They found that E. coli was able to form biofilms in a sink's P-trap ( fig. 1 ), the part of the sink 66 drain that holds stagnant water to prevent the release of sewage gases (Kotay et al., 2017) . The 67 biofilms extended upwards to reach the sink strainer; once in the strainer, droplets containing E. 68 coli can disperse to surrounding areas in the sink, reaching the hands of hospital patients and 69 health care workers (Kotay et al., 2017) . 70
Bacteria present in biofilm states may show high levels of resistance to biocides and 71 antibiotics (Harper et al., 2014). Furthermore, extensive use of chemical sanitizers may cause 72 bacteria to develop resistance. In one study, the growth of Acinetobacter baumannii in ICU 73 rooms was enhanced after the exposure to ethanol and alcohol-based cleaning products (Chen et 74 al., 2013). Finally, although disinfectants are inexpensive, they are hazardous to the environment 75 and contain compounds that may pose a danger to vulnerable patients (Ho et al., 2016) . Common 76 chemicals in disinfectants include sodium hypochlorite, a respiratory irritant and sense organ 77 toxicant; phenols, which are recognized carcinogens; and ammonium compounds, which induce 78 asthma attacks and contact dermatitis. Attempts at pouring strong chemical disinfectants --such 79 as bleach --down sink drains have often been insufficient in killing bacteria (Kotay et al., 2017) . 80
Thus, there is a need to develop alternative disinfecting strategies in hospital environments. 81
While biofilms pose unique problems for antibiotics and biocides due to the extracellular 82 matrix and the presence of metabolically inactive persister cells, bacteriophages, naturally 83 occurring viruses that infect bacteria, have been found to prevent the formation of as well as 84 reduction of mature biofilms (Harper et al., 2014) (Parasion et al., 2013) . This is largely because 85 phages have co-evolved with biofilm-forming bacteria (Harper et al., 2014) . In biofilms, 86 bacterial microcolonies surrounded by extracellular polymeric substances (EPS), the matrix and 87 heterologous microbial cells may impede viral access to the bacterial cell surface (Sutherland et 88 al., 2003) . However, some phages are able to synthesize depolymerases that break down the EPS 89 layer of the biofilm, allowing phages to enter the deeper biofilm layers to lyse susceptible 90 bacterial cells (Parasion et al., 2014) . Furthermore, many biofilms have open structures with 91 water-filled channels that allow phage to enter the biofilm; one study demonstrated the radial 92 movement of T4 phages across an E. coli biofilm, suggesting that the phages were not inhibited 93 by any extracellular macromolecules present and may destroy biofilms in a single dose 94 Moreover, phages are highly specific to a particular bacterial species and are non-toxic to 103 eukaryotic cells, making them a safe alternative to chemical disinfectants. While bacteria may 104 grow resistant to chemical disinfectants, the selection process of phage-resistant bacteria was ten 105 times slower than in the case of antibiotic-resistant bacteria (Parasion et al., 2014) . Finally, 106 phages increase in titer as they infect, which may allow for treatment to reach spaces in sink 107 drains that are difficult to reach with conventional chemical disinfectants. were able to spread to many hard to reach corners of the room. With a conventional alcohol and 123 sodium hypochlorite-containing product alone, the specific strain of bacteria was still found to 124 remain on hospital surfaces (0.6 CFU/cm 2 ). Working alongside traditional disinfectants, phage 125 containing aerosol successfully compensated for this deficiency. The mean percentage of drug-126 resistant isolates of CRAB also decreased from 87.76% to 46.07% after the introduction of phage 127 (Ho et al., 2016). In another study working with phage ϕAB2, researchers showed that the 128 addition of phage at a concentration of 10 7 PFU/cm 2 on a glass slide containing A. 129 baumannii M3237 at 10 4 , 10 5 , or 10 6 CFU/slide, significantly reduced bacterial numbers by 93%, 130 97%, and 99%, respectively (Chen et al., 2013). To show the versatile nature of the phage, they 131 combined it with cream containing paraffin mineral oil to make a phage-based lotion to be used 132 as hand sanitizer, which had the ability to reduce A. baumannii by 99% when spread over agar 133 (Chen et al., 2013). 134
While limited data are available concerning the use of bacteriophages on hard surfaces, in 135 lotions, and in soaps, phage application in hospital drains has not been studied. This study 136 investigated the use of bacteriophages to combat biofilms in a sink drain through comparing the 137 efficacy, range, and durability of bacteriophages to a commercial chemical disinfectant to 138 combat biofilms grown in sink P-traps. Experimental design: 149
This study was conducted over five time points (Table 1) , after the initial biofilm growth period 150 (also 48 hours). The experimental unit is a sink P-trap. Time point zero marks the application of 151 treatments: deionized water, chemical disinfectant, or bacteriophage. Additionally, a control 152 group of P-traps were given only media with no E. coli inoculum to account for the background 153 staining of crystal violet. At each of the time points shown below (Table 1) The traditional chemical disinfectant that was used was Clorox disinfectant (Item # 03050939, 177
Clorox, CA) with sodium hypochlorite, sodium chloride, and sodium carbonate. To prepare the 178 M9 minimal media, M9 salts were made using 64g Na2HPO4-7H2O, 15g KH2PO4, 2.5g NaCl, 179 and 5.0g NH4Cl adjusted to 1000 mL with deionized water. For every liter of M9 media 200 mL 180 of M9 salts were added to 800 mL of deionized water. To supplement the media, 5 mL of 20% 181 glucose and 0.5mL of 1M MgSO4 were added. To make SM buffer, 10mL of 1M Tris pH 7.5, 182 10mL of 1M MgSO4, and 4g NaCl were added to 980 mL dd H2O. All solutions were autoclaved 183 before use. 184 185 186
Growth of Biofilms: 187
To grow biofilms in sink P-traps, a culture of E. coli K12 was grown over night in LB media in a 188
shaking water bath at 37°C. The overnight culture was diluted 1:100 into M9 minimal media 189 supplemented with glucose and magnesium sulfate; this low nutrient medium slowed down the 190 growth rate of cells in order to preserve the biofilm phenotype for the longest possible time. To ensure all media components and planktonic cells were washed out, each sink trap was 205 thoroughly rinsed three times with deionized water. Seventy-five mL of 0.1% crystal violet were 206 added to each P-trap to stain the biofilm. After 15 minutes, the crystal violet was rinsed out 4-6 207 times with deionized water, shaking out and blotting vigorously on a stack of paper towels to rid 208 the P-trap of planktonic cells and excess dye and reduce background staining. The 24 hour P-209 traps were photographed when dry. To quantify the optical density, 30 mL of 30% acetic acid 210
were added into each P-trap to solubilize all of the crystal violet stain inside the P-trap. The 211 solubilized stain was placed into cuvettes, and absorbance was quantified with a 212 spectrophotometer (Spectronic 200) at wavelength 570 nm, using 30% acetic acid as a blank. 213 214 215
ImageJ Photograph Quantification: 217
Phages increase in titer as they infect, which may allow them to spread throughout the sink P-218 trap. In order to measure the ability of the treatments to spread, pictures were taken at both ends 219 of the P-trap: at one end where treatments were applied (side A) and at the opposite end where 220 no treatment was applied (side B). By using ImageJ, the brightness of the image was quantified 221 using a mean intensity reading of an entire highlighted region -the opening of a P-trap ( fig. 3) . 222
The smaller the mean intensity value, the less bright the highlighted area, which indicated greater 223 amounts of biofilm. A difference between the pixel intensity of opening A and opening B were 224 calculated to measure the ability for the phage to spread compared to the chemical disinfectant. biofilm in the P-trap. As evident by these readings, both treatments were able to reduce biofilms 251 ( fig. 4 ). An ANOVA (Table 1) fig. 4 ) 252
and LS Mean Differences Tukey-Kramer test (letters in
were used to determine that this difference was statistically significant. The chemical disinfectant 253 and the bacteriophage did not differ significantly from each other ( fig. 4) . 
Treatment at Early Stages of Biofilm Formation: 266
An experiment was done to test the bacteriophage treatment at earlier stages of biofilm 267 formation. One group of P-traps were exposed to phage immediately after bacterial inoculation, 268
another group was exposed to phage when the biofilms were in the growth phase --90 minutes 269 post bacterial inoculations ( fig. 6 ). As expected, the P-traps treated with phage 0 minutes after 270 bacterial inoculation showed significantly lower biofilm establishment (Table 3, 
ImageJ Photograph Quantification: 274
In order to measure the spread of the treatment in the sink P-trap, the brightness of both openings 275 (opening A and opening B) of P-trap were measured using ImageJ (pixel intensity) 24 hours after 276 treatment ( fig. 7) . The higher the pixel count in ImageJ, the denser the biofilm growth in that 277 region ( fig. 8 ). The intensity reading for the opening which the treatment was applied to was 278 subtracted from the intensity reading of the opening opposite the side of treatment. The average 279 difference (n=3) in intensity between side A and B for the control was 71.099 pixels (SE=3.15). 280
The average difference in intensity for P-traps treated with the chemical was 76.588 pixels (SE = 281 2.41). The difference in intensity for P-traps treated with phage was the smallest, at 51.585 (SE = 282 4.52). The present study found that P-traps treated with bacteriophage as well as P-traps treated 290 with chemical disinfectant showed a significantly lower OD570 reading compared to P-traps 291 treated with a control of deionized water (Table 2, ANOVA, df 2, p < 0.001***). This indicated 292 that both chemical disinfectant and bacteriophage T4 were able to reduce E. coli biofilms in 293
Polyvinyl chloride sink P-traps and that phage was as effective as the chemical disinfectant. 294
Previous studies have tested phages in hospital-like setting, such as on the coating of a 295 catheter to reduce the formation of a biofilm, but no previous study has tested bacteriophage on 296 biofilms grown in a sink drain material. By applying bacteriophage directly to E. coli K-12 297 biofilms grown on PVC sink P-traps --an environment intended to mimic a hospital sink drain --298 this study builds on previous studies which show bacteriophage T4 can lyse E. coli K-12 299
biofilms. Furthermore, this study also compared the phage against a commercial chemical 300 disinfecting product, Clorox bleach (NaOCl, Na2CO3, NaCl). 301
When looking at treatments across time, it was predicted that chemical disinfectant would 302 be able to work in the short term, but that bacterial populations may start increasing shortly after was found that the difference in intensity was significantly lower (Table 4 , ANOVA, df 2, p < 327 0.01**) in the P-traps treated with bacteriophage than with chemical, which may indicate that the 328 phage treatment was able to spread to the opposite end of the P-trap ( fig. 6 ). However, in the 329 control group, the difference in intensity was not significantly lower than the difference in 330 intensity for the chemical treatment group. One explanation could be due to a small sample size 331 (n=3), as there was one control P-trap that showed a particularly high difference in intensity, 332 which brought the entire average up. 333
This study showed that bacteriophages could be promising biocontrol agents to be used in 334 hospital sink drains. Moreover, bacteriophages are relatively fast and inexpensive to manufacture 335 (Parasion et al., 2014) . Much work, however, still needs to be done to implement bacteriophage 336 into a real hospital setting. As sink drains lead to sewer systems which lead to a larger 337 environment, studies should be done to examine the downstream effects of releasing 338 bacteriophages into the environment. One limitation of this study was the lack of assessment for 339 phage resistance. A concern with therapeutic uses of phages is the possibility that persister cells 340 present in biofilms -dormant cells that neither grow or die in the presence of antimicrobials - life form in the biosphere (Parasion et al., 2014) . This means that phage cocktails may be created 344 to contain a diverse mixture of bacteriophages in order to slow the process of phage resistance up 345 to ten times slower than antibiotic resistance (Parasion et al., 2014) . A benefit of creating diverse 346 phage cocktails would be to produce a disinfectant capable of targeting a wide range of host 347 bacteria, a solution suitable to the hospital drain environment where multispecies biofilms tend to 348 form (Fu et al., 2010) (Sutherland et al., 2004) . It has also been shown that intervention with 349 phage treatments may decrease the number of drug-resistant isolates of A. baumanii, a benefit 350 that comes with using phage over chemical disinfectants in hospitals (Ho et al., 2016) . 351
In conclusion, this was the first study to use bacteriophage to reduce E. coli biofilms in 352 sink drains. Bacteriophage was found to reduce the mass of the biofilm and to spread to a greater 353 range in the pipe than a chemical disinfectant. A visible streak appears on the side that the treatment was directly applied to, while 505 the opposite side appears darker, indicating heavier biofilm growth. 506 507 Table 1 . Experimental design: the experiment was carried out over the course of 48 hours. 508
Sampling was destructive; at each time point, a P-trap was taken and sampled. A total of 15 P-509 traps were tested for each of the three treatment groups (n=15). 510 511 Table 2 . An ANOVA of the optical density of biofilms over all time points. Significance is 512 present between different treatment levels. 513 514 Table 3 . ANOVA test used to determine significance between the optical density of biofilms in 515 P-traps treated at different stages of biofilm growth. 516 517 Table 4 . ANOVA test used to determine significance between the differences in pixel intensities 518 on ImageJ. The model indicates that the range of spread between treatments varied significantly. 
